The last two decades have offered a dramatic rise in the use of digital technologies such as wireless sensor networks that require small isolated power supplies. Energy harvesting, a method to gather energy from ambient sources including sunlight, vibrations, heat, etc., has provided some success in powering these systems. One of the unexplored areas of energy harvesting is the use of atmospheric temperature variations to obtain usable energy. This paper investigates an innovative device to extract energy from atmospheric variations using ethyl chloride filled mechanical bellows. The apparatus consists of a bellows filled with ethyl chloride working against a spring in a closed and controlled environment. The bellows expand/contract depending upon the ambient temperature and the energy harvested is calculated as a function of the bellows' length. The experiments showed that 6 J of energy may be harvested for a 23 • C change in temperature. The numerical results closely correlated to the experimental data with a deviation of 1%. In regions with high diurnal temperature variation, such an apparatus may yield approximately 250µW depending on the ambient temperature range. 
Introduction
The field of electronics and wireless communication has witnessed many innovative trends over the decades. The size and power consumption of wireless devices has consistently reduced and the life span has seen regular growth. An ongoing challenge is to make power sources that match the life span and size of these devices, some of which need to be self-sufficient for their entire operating period as they may be located in remote or inaccessible regions. These constraints make the use of conventional power sources somewhat impractical. Traditionally, batteries, which are non-regenerative power sources, have been used to power such devices but they require frequent replacement and suffer from weight constraints. New generation micro-batteries increase the power density of the devices so that they can store enough energy to last complete life cycles. Other non-regenerative power sources such as micro-turbines and micro-heat engines, have also been used that may store chemical energy in the form of fuel which is slowly consumed over the system's lifetime. Even though the power densities of such devices have considerably improved, the energy available is always small and limited [1] .
To overcome the disadvantage of having limited energy available, several regenerative power supplies have been developed. These power supplies "feed off" the environment capturing sufficient energy to operate the attached device. This method of utilizing ambient energy is called "energy scavenging" or "energy
harvesting." Table 1 shows a comparison of different sources of energy and the amount of power that can be harvested using current technology. Cook-Chennault et al [1] , Edgar [2] , and Chalasani and Conrad [3] have discussed in detail the state of energy harvesting from different sources and their corresponding energy densities. Most energy harvesters can be classified into three categories based on the form of energy they capture.
Solar Energy: Solar energy harvesters use photovoltaic cells to convert energy from ambient light to electric voltage. These are widely used for outdoor applications in places that receive ample sunlight all year round [4] .
Vibrations and Kinetic Energy: These harvesters gather energy from mechanical vibrations and transduce it to an output voltage using a piezoelectric, electromagnetic or electrostatic converter. These harvesters are widely used at locations that have a source of mechanical excitation such as a vibrating machine or vibration-inducing airflow [1] .
Thermal Energy: Thermal energy harvesters are generally classified in two categories. The first type utilizes
Peltier effect to generate a voltage output from a temperature gradient, whereas the second type utilizes thermodynamic expansion or phase change for generating useful energy from a heat source. The energy harvester being discussed in this paper falls under the second category [2] .
The focus of this research was to explore thermal energy harvesting through thermodynamic expansion of a substance in a closed system, using temperature changes in the atmosphere. If a substance is hermetically sealed in a bellows or a piston cylinder arrangement, the temperature change could be used to obtain useful work from the expansion. The expansion is most prominent when the substance changes phase. Therefore, ethyl chloride, with its normal boiling point of 287K was ideal for such an application as the average diurnal temperature variation would be sufficient to vaporize and condense it.
The principle of utilizing atmospheric temperature and pressure variations was first used by Cornelis Drebble in the early 17 th century and later more extensively by Jean-Léon Reutter when he designed the Atmos clock [5] [6]. The Atmos clock was the first device to use ethyl chloride as the working substance to power the escapement and discretize the passage of time [7] [8]. These clocks are highly efficient devices with a 1 • C change in temperature sufficient for two days of operation [2] [9].
The experiment discussed in this paper, illustrated in Figure 1 , uses a hermetically sealed brass bellows to contain ethyl chloride. As the ethyl chloride was heated/cooled by the temperature change, the length of the bellows simultaneously increased/decreased. To restrict the total expansion of the bellows and to have a quantifiable measure of output energy, an external spring was used. As the ethyl chloride cooled with the drop in ambient temperature, the bellows shrank to its original length because of the decrease in its internal pressure. The work done by the bellows' extension and contraction could now be easily measured using the spring's stiffness and contraction.
The brass bellows was attached to the base plate of a metal frame. The top and bottom plates were fixed to each other using four rods and the middle plate was mounted on linear bearings and could slide as the The experiment was performed on a bench top in a controlled environment laboratory and the temperature variation for the system was simulated using thermoelectric modules which made the alternate heating and cooling convenient and controllable. The system can be switched between heating and cooling by changing the polarity of the applied voltage. The heat or cold from the thermoelectric modules was supplied into the system with the help of multiple heat sinks and fans. The entire system was enclosed in an acrylic tube with the thermoelectric modules attached at an end plate. The acrylic tube allowed the model to be treated as a closed system with negligible mass transfer. On the basis of this configuration, the main system elements include thermoelectric modules, heat sinks, air inside the tube, bellows with ethyl chloride and metal frame with spring.
Mathematical Model
The lumped parameter mathematical model describes the process of energy harvesting using the experimental configuration which has been depicted in Figure 2 . Heat was added to or removed from the system by the thermoelectric modules with heat sinks. Three fans offered forced convective heat transfer which eventually resulted in changing the magnitude of potential energy stored in the mechanical spring. The complete process was divided into four subsystems and each one was analyzed individually with attention focused on the coupling factors. To simplify the system analysis, six fundamental assumptions were imposed: 
A1:
The temperature of all the system components is time variant but spatially invariant, i.e., a lumped capacitance heat transfer model is used.
A2:
The net mass transfer between the acrylic tube and the surrounding atmosphere was assumed to be zero,
i.e., no air leaks
The net mass transfer of ethyl chloride between the bellows to the acrylic tube was assumed to be zero, i.e., no gas leakage.
A4:
The frictional effects are minimal and are lumped with the viscous damping.
A5:
The external and bellows springs are assumed to be linear for whole range of prescribed motion; any non-linearities are ignored.
A6:
Only convective heat transfer is considered, as the radiative part is small and the conductive part is limited to heat sinks, which are assumed to have the same temperature as the thermoelectric modules.
As the rate of temperature change within the system is slow, the acrylic tube and bellows are sealed, and the fans circulate the air inside it, these assumptions are deemed acceptable.
Thermoelectric Devices
Thermoelectric modules supply heat or cooling to the system through Peltier effect. A thermoelectric couple is composed of a p and an n-type semiconductor. When current is passed through it, one junction is heated while the other is cooled, depending on the direction of the current. A thermoelectric module typically consists of N couples. The heat generated and absorbed at the two ends is a result of three effects. First, the Peltier effect is responsible for producing the temperature gradient. Second, Joule's Law causes the couple to heat up as current passes through it. And finally, heat is conducted from the hot junction to the cold junction due to the temperature gradient between the two.
During the heating phase, the equations governing the rate of heat absorbed at the outer (cold) side,q 13 , and the rate of heat generated at the inner (hot) side,q 24 , of the module are the result of the interaction between these phenomenon so thatq
During the cooling phase, the sign for the second term is reversed making the outer side, the hot side and the inner side, the cold side. The current in the thermoelectric module can be expressed as
The combined Seebeck Coefficient constant, S, may be given by
where 
Heat Transfer Dynamics
The thermal response of the components contained inside the acrylic tube will be mathematically described. Both sides of the thermoelectric modules were attached to heat sinks which in turn had electric fans blowing air across them to improve the heat transfer. The heat or cool entered the system via the heat sinks and air flowed across them to warm/cool the entire air volume inside the acrylic enclosure. To simplify the analysis, the heat transfer can be divided into seven interactions as shown in Figure 2 . Each of these interactions can be expressed by a set of differential equations that consider the net heat flow rates of each node and consequently calculate the rate of change of temperature in that element.
The rate of temperature change calculated using the first law of thermodynamics for a given node may be
where the subscripts i, j and k represent the different system components. The terms with two subscripts denote interactions between two components while the terms with one subscript signify properties of a single component.
The individual heat transfer rates can be calculated using Newton's law of cooling aṡ
where i and j represent the two components between which the heat transfer is taking place. In this expression A ij denotes the surface area shared between i th and j th component over which convective heat transfer occurs. The coefficients of heat transfer, h ij , can be empirically obtained observing the temperature difference between two components when a steady heat flux is applied so that
where q ij is the heat flux and ∆T is the temperature difference. Alternatively, the heat transfer coefficients can be analytically determined for the given system components.
To illustrate the expansion of equation (5) 
For this study, the system temperatures and heat transfer rates are defined as
All of the heat transfer relations for the components displayed in Figure 2 can be similarly derived using equations (5), (6) and (7).
Thermodynamics
As the heat from thermoelectric modules reached the saturated mixture of ethyl chloride in the bellows, the vapor pressure started changing as a function of the temperature. The total pressure in the bellows can be estimated using Dalton's law of partial pressures, which considers the sum of the partial pressure of air and the partial pressure of ethyl chloride so that
In this expression, P ar is the partial pressure of the air and P 9 is the partial pressure of the ethyl chloride. The partial air pressure P ar , can be obtained from the ideal gas law as
where V is the volume, n is the number of moles, R is the universal gas constant, and T is the temperature.
Equation (12) can be simplified for the present application to the form
where λ is the extension of the bellows, T is the temperature, and Γ is a proportionality constant given by The vapor pressure of ethyl chloride may be approximated using Riedel's equation as
where A,B,C,D and E are constants listed in Table 2 [13] . Although Antoine's equation can also be used to predict the vapor pressure of ethyl chloride, Riedel's equation covers the entire sub-critical temperature range, as compared to Antoine's equation which covers a much smaller range around the boiling point [14] [15] [16] . Ethyl chloride was chosen because its boiling point was within the range of temperature variation.
Therefore, a small change in temperature resulted in a relatively large change in pressure when compared to other refrigerants with much higher boiling points. The ethyl chloride, C2H5Cl, mass does not affect the pressure in the bellows as long as its quantity is sufficient to maintain a saturated mixture of liquid and vapor as illustrated by equation (15) . For the experiment conducted, the mass of ethyl chloride was sufficient to maintain the saturated mixture throughout the temperature variation range.
The mechanical force generated by the bellows is given by:
where A 7 is the area of the bellows top.
Mechanical Dynamics
The change in pressure inside the bellows produces a force which causes an extension or contraction of the mechanical structure's length. The system was modeled as a single degree of freedom damped mass spring system with an external force acting on it as shown in Figure 3 . The system has two springs, an external spring that opposes expansion and the bellows' spring that works with the bellows' inner pressure when compressed and against it when expanded.
The equations of motion governing the system were derived using Newton's laws as follows
where m is the effective mass being accelerated, c is the damping constant, and Λ se and Λ sb are the initial compression of the external spring and bellows, respectively, at the start of the experiment.
The displacement shown is a direct indicator of the potential energy generated by the system and is given
where PE is the potential energy stored in the spring. This potential energy can be harvested by a number of methods such as a piezoelectric transducer or an electromagnetic generator to power a wireless sensor node.
Experimental System
To validate the energy harvesting principle and explore the feasibility of thermodynamic mechanical motion, a bench-top experiment was fabricated and tested. In this section, the apparatus design and components will be discussed.
Design of Apparatus
A mechanical bellows charged with an inert gas that has a phase change at room temperature was the primary component in the energy harvesting system. The supporting elements included mechanical guides for translational motion with minimal friction, and assorted sensors and actuators to create a repeatable testing environment with measurement data. For this study, the apparatus introduced a temperature variation that influenced the ethyl chloride pressure contained in the closed system.
The bellows changed its length in response to change in pressure. To quantify the length change and to maintain an equilibrium position, a stiff coil spring resisted the bellows expansion. A metal frame, consisting of three plates and four stainless steel rods, held the apparatus in place. The two end plates were fixed to the rods using studs and nuts. The middle plate featured four linear bearings to slide along the length of the rods. The base plate and bellows were made of brass while the other plates were made of aluminum. A thermoelectric module was selected as the source of temperature variations as it could heat or cool the system. For field testing, ambient temperature changes would be sufficient to power the system. For bench top testing, cooling the system proved to be a greater challenge than heating since efficiency of thermoelectric modules are relatively low (below 15%). To improve heat dissipation on hot side, two heat sinks and three fans were used as shown in Figure 4 . The outer heat sink (Dell W4254 8400) used heat pipes to achieve higher heat dissipation as its primary function was to lower the hot side temperature. The copper heat pipes connected the heat sink base to the aluminum fins. This heat sink base was attached to the thermoelectric modules and the aluminum fins were placed between two electric axial fans. A conventional, aluminumfinned heat sink, Alpine ARCTIC 64 Pro Rev. 2, with a built in electric fan, was used for the inner heat exchanger. The thermoelectric modules were connected to a 16Vold 8 Amp DC power supply.
The bellows and metal frame were mounted within an acrylic enclosure to create a closed system with negligible mass transfer. This acrylic enclosure acted as an insulator and helped in varying the temperature within reasonable time periods. The complete system was 36 cm (14 inches) long and 20 cm (8 inches) in diameter. The mechanical bellows and the metal frame assembly were 15 cm (6 inches) long and 3 inches wide.
The experimental apparatus was operated in a closed-loop manner on the bench to demonstrate the energy harvesting for temperature variations. For rising temperatures (heating phase), the thermoelectric module warmed the air inside the enclosure causing the bellows to expand. Once the gas inside the bellows reached a desired temperature, a switching circuit was activated which reversed the polarity of the thermoelectric module. The falling temperatures (cooling phase) resulted in bellows contraction. The process may 
be repeated using the relay switch to change circuit polarity.
Sensors, Actuators and Data Acquisition
A series of sensors and actuators were integrated into the experimental system to monitor and control the apparatus. Although this hardware would not be required for energy harvesting in the field, it offers insight into overall performance, while providing a repeatable environment.
Pressure Sensor: An Omega PX309-050A5V (0 bar to 3.4 bar) pressure sensor monitored the ethyl chloride pressure inside the bellows. This served the dual purpose of acting as a point of correlation between the numerical and experimental models and helping improve modeling the ethyl chloride pressure.
Proximity Sensor: A Micro-Epsilon MDS-45-M30-SA (0 mm to 45 mm displacement) magneto-resistive type proximity sensor measured the bellows displacement or spring position which directly correlated to the energy harvested.
Thermocouple: Three J type Omega SMP-AP-J-125E-6 (0 • C to 750 • C) thermocouples measured the temperature of air inside the acrylic enclosure, ethyl chloride inside the bellows, and the inner heat sink.
Amplifiers were used to amplify the thermocouple voltages to reduce noise in the measurements. The sensors were the contact thermocouples capable of measuring a temperatures from .
Fan: Three fans were used in the system. Two of these were used on the outer heat sink (Mcmaster 1939K23, 12V DC) to maximize heat dissipation. Only one fan was used on the inner side which came as a part of the heat sink package (Alpine 64 Pro) intended to be used for cooling CPU's. 
Numerical & Experimental Results
The thermodynamic driven energy harvesting apparatus was tested for a variety of conditions in the laboratory to validate the concept. Although the ambient air temperature was maintained at T = 22 • C, the thermoelectric devices allowed the acrylic enclosure air to be heated or cooled as needed. assembly coming in contact with the position sensor. Therefore, the position data for maximum extension was ignored as it did not represent the system accurately.
The data was divided into heating, cooling and switching phases. This analysis was necessary since the thermocouple in the ethyl chloride measured temperature values at the center of the bellows. The temperature at the center was lesser, equal to or greater than the temperature towards the edges of the bellows in heating, switching and cooling phases respectively.
The data from different experiments, performed over several days, was compared and found to be satisfactorily repeatable. Potential energy is stored in the external spring as the bellows expands. Figure 8 compares the simulated and measured potential energy versus temperature. Six joules of energy are stored in the spring for a temperature variation of 23 • C. The potential energy is released during the cooling phase and the spring works to push the bellows back to its initial position.
It was observed from the heating phase data that the pressure and displacement changed 0.04 bar/ • C, and 0.2 cm/ • C and 4 cm/bar, respectively. The displacement is linearly related to the temperature and the potential energy is proportional to the second power of the temperature. This is due to the quadratic relation of potential energy and displacement as shown in equation (19).
Conclusion and Future Work
The concept of energy harvesting from atmospheric temperature variations was proposed and experimentally verified. A potential energy output of 6 Joules for a temperature difference of 23 • C was observed which could be used in combination with a transducer to run low power electronics in remote locations.
Since the amount of energy extracted is directly related to the temperature change, regions with high diurnal temperature variations would be ideally suited for such devices. For example, the southwest region of the United States experiences average diurnal temperature ranges of 30 to 40 • C for many months in a year [12] . The thermal fluctuations are ideal for the energy harvester discussed in this paper and could produce about 250µW .
Future work involves the development of a micro generator that converts the energy stored in the spring into usable electrical power. A small gear-train mechanism transfers the reciprocation motion of the middle plate into unidirectional rotation of a shaft which can then wind a spiral spring. When enough energy is stored in the spiral spring, the small generator produces electricity using the potential energy.
